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Seeding Practices and Cultivar Maturity Effects on Simulated Dryland
Grain Sorghum Yield

R. L. Baumhardt,* J. A. Tolk, and S. R. Winter

ABSTRACT ett, 1999), planted early and at low populations; thus,
relying on the sorghum hybrid to adapt to the growingTypical planting recommendations for dryland grain sorghum [Sor-
conditions by tillering. Research by Jones and Johnsonghum bicolor (L.) Moench] in the southern High Plains are to delay
(1991, 1997) demonstrated that the optimum planting date,until soil water is adequate for crop establishment, but no population
population, variety, and row spacing were interdepen-or cultivar maturity class are specified. Our objectives were to use the

SORKAM simulation model, long-term (1958–1998) weather records dent. That is, late maturing varieties performed best
at Bushland, TX, and known Pullman soil (fine, mixed, superactive, when planted early and at lower populations; but, when
thermic Torrertic Paleustolls) properties to identify an optimum plant- soil water delayed planting, early maturing varieties
ing date, population, row spacing, and cultivar maturity combination planted at high populations in narrow rows increased
to maximize dryland grain sorghum yield. We simulated sorghum grain yield. Furthermore, annual variability in growing
grain yields for combinations of planting dates (15 May, 5 June, and season conditions also greatly limits application of field25 June), populations (3, 6, and 12 plants m�2), row spacings (0.38 and

tests to identify optimum planting date, population, cul-0.76 m), and cultivar maturity class (early, medium, and late). SOR-
tivar maturity, and row spacing combinations.KAM consistently (r 2 � 0.69, RMSE � 792 kg ha�1) simulated grain

Weather variability at Bushland, TX, for example,yields that averaged about 5% more than measured values and cor-
growing season duration that ranges from 144 to 220 drectly simulated row width and population effects on yield. Simulated

grain yields increased with narrow row-spacing �9%, independent of around a 180-d mean, may easily bias short duration
planting date or cultivar. Increasing plant population significantly trials comparing planting date or cultivar maturity ef-
decreased panicle seed number, seed mass, and plant tillers; however, fects on grain yield. Similarly, highly variable precipita-
the simulated grain yield was unchanged (3996–4106 kg ha�1) by plant tion that ranges from 89 to 580 mm around a 335-mm
populations. Mean simulated grain yields were greatest for the 5 June mean complicates evaluation of cultural practices in
planting dates with early and medium maturity cultivars that avoided semiarid regions. One method to include this climaticlate summer heat or water deficit stresses and matured before freezing

variability and expand the basis for comparing culturalweather. Our results show early or medium maturity cultivars, planted
practices used in producing grain sorghum is using com-5 June, in 0.38-m row widths, using 3 or 6 plants m�2, achieve the
puter models to simulate crop growth and yields undergreatest dryland grain yield on a southern High Plains clay loam soil.
recorded weather conditions. The grain sorghum com-
puter simulation model SORKAM (Rosenthal et al.,
1989) offers a standardized and economical means toGrain sorghum [Sorghum bicolor (L.) Moench] is
compare multiple cropping practice combinations. Ro-well adapted to and widely grown on the southern
senthal and Gerik (1990) used SORKAM to compareGreat Plains. Dryland grain sorghum yields at the
the effects of cultivar maturity, planting date, and popu-USDA-ARS Conservation and Production Research
lation on sorghum grain yield at eight Texas locationsLaboratory, Bushland, TX, have increased 139% from
from Amarillo to Weslaco. The uniform planting popu-1600 to 3800 kg ha�1 during the years 1956 to 1997 (Un-
lations and dates they used were not appropriate for allger and Baumhardt, 1999). These grain yield increments
locations, but applying the model in this way did identifywere attributed to improved hybrids and management
potentially successful management practices. This ap-practices that utilize residue to conserve soil water; how-
proach was also used in Kansas to identify criteria forever, no optimum combination of planting date and
replanting sorghum injured by storms after the normalpopulation has been determined for the range of cultivar
or optimum planting date (Heiniger et al., 1997b). Simi-maturity classes grown in this region. For example, the
larly, SORKAM may be used to identify potentially op-top dryland grain yields recognized in 2003 by the Na-
timum planting date, population, and row spacing com-tional Grain Sorghum Producers were from fields sepa-
binations that maximize grain yield of select cultivarsrated by a distance of �150 km but managed very dif-
grown under dryland conditions on the southern Greatferently, i.e., planted during late May to early June at
Plains.populations ranging from 4.5 to 15.8 seed m�2. One

To meet this goal, our study objective was, first, toOklahoma producer, featured in a popular article (Hack-
validate SORKAM yield simulations by comparing mea-
sured grain sorghum yield with simulated yields for se-

R.L. Baumhardt and J.A. Tolk, USDA-ARS, Conservation and Pro- lected years where the measured initial soil water con-
duction Research Lab., P.O. Drawer 10, Bushland, TX 79012-0010; tent, known planting conditions, and corresponding
and S.R. Winter (retired), Texas Agric. Exp. Stn., 2300 Experiment weather data were available. We subsequently simulatedStation Rd., Bushland, TX 79012. Received 30 Mar. 2004. Agronomic

growth and grain yield of early, medium, and late matur-Modeling. *Corresponding author (rlbaumhardt@cprl.ars.usda.gov).

Published in Agron. J. 97:935–942 (2005).
doi:10.2134/agronj2004.0087 Abbreviations: CM, cultivar maturity; D, planting date; HI, harvest

index (kg kg�1); P, plant population; RW, row width; SM, seed mass© American Society of Agronomy
677 S. Segoe Rd., Madison, WI 53711 USA (mg seed�1).
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for U (Stage 1), and 7.8 mm d�1 for C (Stage 2), the two stagesing sorghum cultivars for all combinations of selected
of soil water evaporation as reported by Steiner (1989). Runoffplanting dates, row spacing, and plant populations for
was calculated using the measured NRCS curve number ofeach year of the historical (1958–1998) weather record
82 for sorghum reported by Hauser and Jones (1991). Becauseat Bushland, TX, to identify those cultural practices that
SORKAM simulates sorghum growth and yield for non lim-optimize sorghum grain yield.
ited nutrient conditions, soil fertility was necessarily assumed
to be adequate for all simulations. Dryland cropping systems

MATERIALS AND METHODS at Bushland, TX, mineralize about 50 kg N ha�1 N (Eck and
Jones, 1992) during fallow, which is adequate to meet sorghumWe simulated grain sorghum growth and yield using SOR-

KAM version 2000 (W.D. Rosenthal and R.L. Vanderlip, per- needs for the expected dryland yields without supplemental N
sonal communication, 2000), which is similar to the SORKAM fertilization (Jones et al., 1997). The Pullman clay mineralogy
version 1.1 described by Heiniger et al. (1997a) with a modified supplies sufficient K to diminish crop response to fertilizer K
user interface and weather input. Crop simulations were con- (Johnson et al., 1983) and this calcareous soil reacts with P
ducted using the long-term (1958–1998) weather records from fertilizer and limits crop benefits (Eck, 1988). All simulations
the USDA–Agricultural Research Service, Conservation and began 2 wk before planting and continued until a killing freeze
Production Research Laboratory, Bushland, TX, USA (35�11� N or physiological maturity when grain yield was determined.
lat; 102�5� W long; and 1170 m asl). The laboratory weather
records included daily solar irradiance (MJ m�2), the maxi-

Crop Simulationsmum and minimum air temperature (�C), and precipitation
(mm). The soil was a 1.8-m deep Pullman clay loam divided

Grain sorghum growth and yield was simulated for all possi-into nine layers with the available water and total porosity as
ble combinations of selected cultivar maturities (three levels),shown in Fig. 1 (Howell et al., 1989; Steiner, 1989). Simulations
planting dates (three levels), populations (three levels), andwere initiated with �200 mm available soil water profile, which
row widths (two levels). We tested three generic cultivar matu-is typically present after fallow when using no-tillage residue
rity classes that included early (15-leaf), medium (17-leaf),management with a wheat (Triticum aestivum L.)–sorghum–
and late (19-leaf) maturing entries, which correspond to �95,fallow rotation (Jones and Popham, 1997). Maximum rooting
105, and 120 d to reach maturity. Growth and yields of thesedepth, however, was 1.2 m as reported by Unger and Wiese
cultivars were simulated under narrow (0.38 m) and con-(1979) for sorghum grown under dryland conditions. Soil water
ventional row widths (0.76 m) planted at low, medium, andevaporation was calculated by the Priestley-Taylor method
high populations (3, 6, and 12 plants m�2) on planting dateswith an overall 1.45 scale factor, after Howell et al. (1989),

using constants of 0.19 for albedo (Howell et al., 1989), 9.9 mm of 15 May (early), 5 June (normal), and 25 June (late). The
54 combinations of cultural practices were simulated for each
of the 41 yr of actual weather conditions resulting in a total
of 2214 simulations. The SORKAM simulated parameters of
plant grain and biomass yields, plant tillers, seed number per
panicle, and mean seed weight were evaluated.

To validate SORKAM, we compared measured grain yield
observations from medium (17-leaf) and late (19-leaf) matur-
ing cultivars grown from 1984 to 1998 with simulated grain
yields. The measured sorghum yields were taken from no-
tillage residue management plots within the wheat–sorghum–
fallow rotation study described by Jones and Popham (1997).
This was because of more reliable and timely experimental
crop establishment in soil that had better “planting moisture”
and, consequently, an increased number of validation compar-
isons. The SORKAM yields were simulated using the corre-
sponding observed weather, measured soil water content at
planting, and the experimental planting date, row width, and
plant population conditions as input data.

Analyses

The grain sorghum growth and yield values simulated with
SORKAM were treated as experimental observations in which
replication was provided by years. Descriptive univariate sta-
tistics and Pearson correlation were determined for the treat-
ment cultural practices, recorded growing season precipitation,
and all simulated growth parameters to identify correlated pa-
rameters (SAS Inst., 1988). We compared the SORKAM simu-

Fig. 1. The Pullman soil used to simulate sorghum growth and yield lated grain yield and growth values according to a factorial
extends to a depth of 1.83 m with unavailable water contents, arrangement of the cultural practice treatments using the SAS
hashed area, varying from 0.11 to 0.24 m3 m�3 and available water general linear models ANOVA procedures. Correlation ofcontents, white area, that range from 0.26 to 0.33 m3 m�3 (Howell

growing season length and precipitation with the planting dateet al., 1989; Steiner, 1989). Potential water-filled pore space was
treatment (r 2 � 0.39) precluded using the precipitation datacalculated from measured bulk density assuming 2.65 Mg m�3 parti-

cle density. as a covariant in subsequent analyses.
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RESULTS AND DISCUSSION
Validation

The accuracy of SORKAM simulated grain sorghum
growth and yield was previously established by Rosen-
thal and Gerik (1990), Heiniger et al. (1997a), and
others. However, we also validated SORKAM by com-
paring measured experimental yields with the corre-
sponding simulated grain yields for late (19-leaf) and
medium (17-leaf) maturity cultivars. Our validation of
SORKAM was based on grain yield data observed un-
der unique plant population and row spacing conditions
that were not included in any other analyses. Simulated
grain yields, shown in Fig. 2, ranged from 1310 to 7110
kg ha�1 with a mean of 4035 kg ha�1 that was �5%
greater than the analogous mean measured experimen- Fig. 2. Sorghum grain yields simulated using SORKAM with known

planting conditions and recorded precipitation plotted in compari-tal yield of 3830 kg ha�1 (range 1210 to 6460 kg ha�1),
son with the corresponding measured experimental grain yieldswith a r 2 � 0.69 (RMSE � 792 kg ha�1) obtained during
from 1984 to 1998.the 15-yr period. These differences are expected because

the model does not consider the impact of common
3860 kg ha�1 yield mean for late maturing sorghum wasbiotic pressures such as weed competition, insect injury,
significantly less than yields of either the early or me-soil fertility or planting moisture effects on emergence
dium maturity cultivars that produced 4250 and 4100 kgand stand uniformity when simulating crop growth and
ha�1 grain, respectively. Although later maturing culti-yield. Tolk et al. (2003) compared SORKAM simulated
vars have the potential to increase grain yield becausegrain yields with independent experimental grain yields
of their longer growing season, under dryland conditionsobtained for row widths of 0.38 or 0.76 m, and popula-
the extended growing season increases exposure to daystions of 3.1, 6.5, and 13.0 plants m�2. Although simulated
with yield limiting water-deficit conditions and the po-grain yield values were consistently 80 to 90% of the
tential for freeze injury. One-third of the simulatedexperimental grain sorghum yields, SORKAM repro-
yields for late maturing cultivars were from plants thatduced the measured row width and population effects
did not reach physiological maturity (data not shown) inon grain yield and water use.
contrast with 16 and 5% for medium and early maturingThe SORKAM simulated crop growth and grain
cultivars. Late maturing cultivars do not appear to beyields accurately reflected measured crop performance
well suited for dryland cropping practices on much ofthroughout a broad range of environmental conditions
the southern High Plains where the growing season av-and tested cultural practices. This suggests that the
erages approximately 185 d or less.SORKAM simulated grain yields will reflect the impact

Simulated sorghum grain yields also varied signifi-of the tested planting conditions on sorghum growth
cantly in response to row width, and planting date, butand grain yield.
not to population levels, averaging from 4000 to 4110 kg
ha�1. Overall sorghum grain yield for narrow row-spac-Grain Yield and Yield Factors ing (0.38 m) averaged 4240 kg ha�1 or about 9% greater
than the mean 3900 kg ha�1 grain yield with wider row-The SORKAM-simulated dryland sorghum grain

yields for 1958–1998 ranged from 0 to 8905 kg ha�1 spacing (0.76 m). For fixed plant populations, reducing
the distance between rows, consequently, distributesand averaged 4069 kg ha�1 across all planting dates,

populations, cultivar maturities, and row spacing combi- plants more evenly within the field and decreases early
season competition between plants, thereby improvingnations. The broad range in grain yield reflects the er-

ratic precipitation (from 89 to 580 mm) and growing light interception and partitioning of soil–water for use
in evapotranspiration as reported for field measure-season length (from 144 to 220 d) that is characteristic

of the semiarid southern Great Plains weather. For ex- ments by Steiner (1986). Implementing this narrow row
spacing cultural practice would require a relatively sim-ample, the long-term average fall freeze date at Bush-

land is 22 October, but varied from 21 September to ple modification of equipment. Another easily modified
cultural practice is the crop planting date; however, any14 November during 1958–1998. The growing season

precipitation was significantly correlated with simulated variation of the planting date must strike a balance
between extending the potential growing season andgrain yield (r � 0.61, P � 0.001); however, precipitation

was not included as a covariant in subsequent analyses exposing the crop to late summer heat and water deficit
or fall freeze risks. Under our test conditions, the overallbecause of its correlation with the planting date treat-

ment class. simulated grain yield averaged 4295 kg ha�1 for the
5 June planting date and was significantly greater thanSimulated grain yields listed in Table 1 also varied

significantly (P � 0.001) with cultivar maturity effects mean grain yields of 4040 kg ha�1 for 25 June and 3870
kg ha�1 or 15 May dates. Compared with the 5 Junethat were independent of the other treatments. Based

on simulated crop yields for the years 1958–1998, the planting date, earlier planted sorghum matured during
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Table 1. Simulated grain yield � the standard error listed by planting date (D), population (P), and row width (RW) main treatment
effects within cultivar maturity class (C). The corresponding ANOVA results designate significance level (P � F ) of treatment effects.

Early maturity Medium maturity Late maturity

Planting date Row width, cm 38 76 38 76 38 76

population, plants m�2 grain yield, kg ha�1

15 May 3 4116 � 180 3886 � 167 4206 � 285 3898 � 270 4071 � 324 3750 � 302
6 4299 � 269 4008 � 248 3920 � 331 3666 � 306 3860 � 374 3506 � 337

12 4162 � 311 3894 � 297 3857 � 364 3454 � 337 3772 � 395 3374 � 369
5 June 3 4409 � 155 4155 � 144 4586 � 266 4243 � 245 4432 � 326 4081 � 296

6 4682 � 248 4352 � 225 4521 � 315 4165 � 298 4434 � 374 3940 � 350
12 4613 � 292 4331 � 279 4396 � 363 3958 � 344 4183 � 411 3827 � 390

25 June 3 4197 � 129 3950 � 118 4299 � 228 3961 � 215 4008 � 252 3644 � 232
6 4504 � 212 4162 � 190 4398 � 275 3969 � 258 3968 � 338 3549 � 312

12 4518 � 265 4221 � 251 4348 � 336 3943 � 322 3677 � 387 3397 � 369
Effect df P � F

Cultivar (C) 2 �0.001
Row width (RW) 1 �0.001
Population (P) 2 0.437
Planting date (D) 2 �0.001
C � RW 2 0.883
C � P 4 0.334
C � D 4 0.614
RW � P 2 0.956
RW � D 2 0.976
P � D 4 0.950
C � RW � P 4 0.999
C � RW � D 4 �0.999
C � P � D 8 �0.999
RW � P � D 4 0.999
C � RW � P � D 8 �0.999

late summer water deficit stress, which decreased grain ination of sorghum plants with the progressively later
planting dates may have increased tillering resulting inyield. Sorghum planted 25 June failed to reach physio-

logical maturity because of freezing fall temperatures a gradual increase from 1.38 plant tillers for the early
15 May planting date to 1.47 plant tillers for 5 June andduring 61% of the simulated growing seasons and, con-

sequently, the growing seasons were insufficient for the 1.57 plant tillers for the late 25 June planting dates.
Although greater plant tillering increases yield potentialcrop to achieve its potential yield under the prevail-

ing conditions. by increasing the number of seed heads, this benefit may
be offset somewhat by an increased use of soil waterGrain sorghum adapts to the prevailing growing con-

ditions by adjusting the number of seed heads through and nutrient resources to produce the supporting leaf
and stem structure for each additional tiller head astillering. Simulated tiller initiation was significantly (P �

0.001) greater with later cultivar maturity that increased indicated by Jones and Johnson (1991). Nevertheless,
simulated plant tiller number were weakly correlatedfrom 1.13 tillers plant�1 for early maturing cultivars to

1.56 tillers plant�1 for medium maturing cultivars and to grain yield (r � 0.07, P � 0.01). Future research may
determine if cultural practices that limit plant tillers1.74 tillers plant�1 for late maturing cultivars (Table 2).

These results suggest that planting early maturing culti- concomitantly increase harvest index and water use effi-
ciency, which is especially important under limited watervars decreases tillering and allows greater control of

seed head numbers under dryland conditions. As the conditions of dryland cropping systems.
Another indicator of grain sorghum production effi-initial plant population increased, mean tiller number

also decreased from 1.82 with the low population to over- ciency is the harvest index (HI) listed in Table 3, which
is the dry grain yield divided by the total abovegroundall means of 1.47 and 1.13 for the medium and high

plant populations, respectively. For constant plant pop- plant biomass. As observed for increased tillering with
progressively later maturing cultivars, the mean simu-ulations, increasing the row width from 0.38 to 0.76 m

increased the in-row plant density and, as simulated for lated HI decreased significantly (P � 0.001) as cultivar
maturity decreased from a high HI of 0.46 with earlyincreasing populations, the corresponding mean tiller

number decreased from 1.57 to 1.38. Our simulations maturing cultivars to HI of 0.40 and 0.35 for the medium
and late maturing cultivars. Our simulated mean HI wasshow that increasing in-row plant density by varying

row spacing (r � �0.20, P � 0.01) or plant population consistently smaller for narrow rows (P � 0.018), and
decreased significantly from 0.43 with the low popula-(r � �0.58, P � 0.01) significantly decreased tiller num-

bers and were consistent with field measurements by tion to 0.41 and 0.38 for the medium and high plant
populations. The HI often decreases as growing condi-Jones and Johnson (1991) and Staggenborg et al. (1999).

That is, cultural practices used to increase in-row plant tions favorable to rapid plant growth are followed by
water deficit stress conditions that fail to support sub-density may also suppress tiller number possibly because

of competition among plants for nutrients or because sequent grain production and filling. For example, La-
farge et al. (2002) reported that the number of nongrainof increased light interception with higher populations

(Lafarge et al., 2002). Longer days and more direct illum- producing, infertile, tillers increased with increased plant
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Table 2. Simulated plant tillers � the standard error listed by planting date (D), population (P), and row width (RW) main treatment
effects within cultivar maturity class (C). The corresponding ANOVA results designate significance level (P � F ) of treatment effects.

Early maturity Medium maturity Late maturity

Planting date Row width, cm 38 76 38 76 38 76

population, plants m�2 tillers plant�1

15 May 3 1.20 � 0.04 1.18 � 0.04 1.87 � 0.05 1.72 � 0.04 2.21 � 0.06 1.93 � 0.05
6 1.11 � 0.03 1.00 � 0.03 1.58 � 0.04 1.36 � 0.03 1.75 � 0.05 1.49 � 0.04

12 0.93 � 0.03 0.81 � 0.02 1.22 � 0.03 1.05 � 0.02 1.32 � 0.03 1.14 � 0.03
5 June 3 1.35 � 0.03 1.32 � 0.03 2.03 � 0.06 1.82 � 0.05 2.38 � 0.06 2.04 � 0.05

6 1.23 � 0.02 1.10 � 0.02 1.66 � 0.04 1.42 � 0.04 1.84 � 0.04 1.55 � 0.04
12 0.99 � 0.02 0.87 � 0.02 1.27 � 0.03 1.10 � 0.03 1.36 � 0.03 1.18 � 0.03

25 June 3 1.45 � 0.03 1.40 � 0.03 2.19 � 0.05 1.96 � 0.04 2.57 � 0.05 2.19 � 0.04
6 1.30 � 0.03 1.14 � 0.02 1.78 � 0.04 1.51 � 0.03 1.97 � 0.04 1.65 � 0.03

12 1.05 � 0.02 0.91 � 0.02 1.34 � 0.03 1.15 � 0.02 1.45 � 0.03 1.25 � 0.02
Effect df P � F

Cultivar (C) 2 �0.001
Row width (RW) 1 �0.001
Population (P) 2 �0.001
Planting date (D) 2 �0.001
C � RW 2 �0.001
C � P 4 �0.001
C � D 4 0.378
RW � P 2 0.051
RW � D 2 0.158
P � D 4 �0.001
C � RW � P 4 0.003
C � RW � D 4 0.994
C � P � D 8 0.997
RW � P � D 4 0.941
C � RW � P � D 8 �0.999

density and, consequently, HI decreased. Progressively that reduce tillering also tend to reduce excess biomass
production and, therefore, increase the grain sorghum HI.later maturing varieties and planting dates increased the

risk that physiological maturity and optimum grain yield
Sorghum Stress Indicatorsare not achieved and, consequently, HI decreases. Simu-

lated HI averaged 0.42 for 5 June planting compared Using multiple regression analysis, Krieg and Lascano
with the significantly smaller mean HI of 0.40 and 0.39 (1990) related dryland sorghum grain yield to the pri-
simulated for the 25 June and 15 May planting. Our mary yield components of panicle number (R2 � 0.12),

number of seeds per panicle (R2 � 0.57), and seedsimulation results suggest those management practices

Table 3. Simulated harvest index � the standard error listed by planting date (D), population (P), and row width (RW) main treatment
effects within cultivar maturity class (C). The corresponding ANOVA results designate significance level (P � F ) of treatment effects.

Early maturity Medium maturity Late maturity

Planting date Row width, cm 38 76 38 76 38 76

population, plants m�2 harvest index, kg kg�1

15 May 3 0.47 � 0.01 0.47 � 0.01 0.42 � 0.01 0.43 � 0.01 0.38 � 0.02 0.39 � 0.02
6 0.44 � 0.01 0.45 � 0.01 0.38 � 0.02 0.40 � 0.02 0.33 � 0.02 0.35 � 0.02

12 0.41 � 0.02 0.44 � 0.02 0.35 � 0.02 0.35 � 0.02 0.31 � 0.03 0.32 � 0.03
5 June 3 0.48 � 0.01 0.48 � 0.01 0.44 � 0.01 0.45 � 0.01 0.39 � 0.02 0.41 � 0.02

6 0.46 � 0.01 0.47 � 0.01 0.41 � 0.01 0.43 � 0.01 0.37 � 0.02 0.38 � 0.02
12 0.45 � 0.01 0.45 � 0.01 0.38 � 0.02 0.39 � 0.02 0.33 � 0.02 0.34 � 0.02

25 June 3 0.47 � 0.01 0.48 � 0.01 0.42 � 0.01 0.43 � 0.01 0.37 � 0.01 0.39 � 0.01
6 0.46 � 0.01 0.47 � 0.01 0.41 � 0.01 0.42 � 0.01 0.33 � 0.02 0.34 � 0.02

12 0.45 � 0.01 0.46 � 0.01 0.38 � 0.02 0.39 � 0.02 0.29 � 0.03 0.30 � 0.03
Effect df P � F

Cultivar (C) 2 �0.001
Row width (RW) 1 0.018
Population (P) 2 �0.001
Planting date (D) 2 0.001
C � RW 2 0.963
C � P 4 0.043
C � D 4 0.085
RW � P 2 0.926
RW � D 2 0.989
P � D 4 0.879
C � RW � P 4 0.949
C � RW � D 4 0.999
C � P � D 8 0.938
RW � P � D 4 0.998
C � RW � P � D 8 �0.999
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Table 4. Simulated panicle seed number � the standard error listed by planting date (D), population (P), and row width (RW) main
treatment effects within cultivar maturity class (C). The corresponding ANOVA results designate significance level (P � F ) of
treatment effects.

Early maturity Medium maturity Late maturity

Planting date Row width, cm 38 76 38 76 38 76

population, plants m�2 seed mass, mg
15 May 3 5216 � 114 4699 � 106 3841 � 145 3619 � 136 3185 � 198 3120 � 193

6 3278 � 107 3146 � 99 2308 � 147 2364 � 137 2048 � 158 2138 � 160
12 2036 � 107 2098 � 93 1490 � 120 1499 � 126 1340 � 120 1367 � 125

5 June 3 4779 � 99 4353 � 90 3674 � 120 3558 � 115 3094 � 152 3141 � 151
6 3034 � 80 2989 � 78 2401 � 109 2459 � 109 2051 � 134 2105 � 141

12 2025 � 79 2056 � 78 1572 � 99 1611 � 104 1345 � 103 1391 � 110
25 June 3 4264 � 89 3913 � 77 3173 � 71 3108 � 66 2623 � 82 2678 � 81

6 2777 � 62 2752 � 55 2071 � 68 2147 � 69 1670 � 105 1733 � 112
12 1828 � 51 1877 � 50 1339 � 73 1379 � 79 1056 � 91 1104 � 97

Effect df P � F

Cultivar (C) 2 �0.001
Row width (RW) 1 0.172
Population (P) 2 �0.001
Planting date (D) 2 �0.001
C � RW 2 0.029
C � P 4 �0.001
C � D 4 0.073
RW � P 2 0.004
RW � D 2 0.675
P � D 4 �0.001
C � RW � P 4 0.145
C � RW � D 4 0.999
C � P � D 8 0.786
RW � P � D 4 0.953
C � RW � P � D 8 �0.999

mass, mg (R2 � 0.12). In their review article, they noted during panicle initiation. Seed number decreased pro-
gressively with delayed planting, which extended laterthat the number of seeds per panicle was determined

by environmental conditions, such as the degree of water into the hotter and dryer summer, for example, simu-
lated seed number for 15 May and 5 June planting datesstress imposed on a plant, from panicle initiation to

flowering (anthesis). Additionally, seed mass was affected averaged 2710 and 2650 compared with the significantly
lower 2305 mean seed number simulated for the 25 Juneby post anthesis stress conditions including water defi-

cits or an early freeze. In our test, we compared both planting date. Potentially greater water deficit and tem-
perature stresses occurred with later planting dates, whichsimulated panicle seed number and mass of seed as a

means to identify management practices that would impacted the sorghum plant during the critical seed differ-
entiation period. These results show that managementminimize growing stress conditions.

Simulated panicle seed number is listed in Table 4 to- practices such as reduced planting populations can limit
competition among plants and avoid exposing the cropgether with ANOVA results. Mean panicle seed number

increased significantly (P � 0.001) from 2070 for the to potential environmental, water deficit, and stress con-
ditions early in the growing season, thus increasing seedlate maturing cultivar to 2420 for the medium and 3170

for the early maturing cultivars. We attributed this to number and grain yield potential.
The simulated seed mass and corresponding ANOVAan increasingly shorter period between planting and

panicle initiation with earlier maturing cultivars that, results are listed by treatment effects in Table 5. Our
results indicate that seed mass steadily increased fromconsequently, limited plant exposure to any water deficit

stress. Panicle seed number was unaffected by decreased an average of 17.9 mg for late maturing cultivars to 19.3
and 21.6 mg for the medium and early maturing cultivarsrow width that increased spatial distribution of plants

and decreased seedling competition except for the in- [LSD(0.05) � 0.7 mg]. Seed mass of early maturing
cultivars also benefited significantly from narrow rowcreased seed number obtained with early maturing cul-

tivars. Simulated panicle seed number decreased as the width and decreased significantly with increasing plant
populations and progressively earlier maturing cultivars.combined effect of tiller number and population in-

creased the overall panicle number, i.e., seed number For example, mean seed mass increased from 17.9 mg
for the high-population to mean seed masses of 19.4 andwas negatively correlated to panicle number (r � �0.78,

P � 0.001). Plant tillering alone was not correlated to 21.5 mg for the medium and low population densities.
Physiological maturity was delayed with increasing pop-seed number (r � 0.05) because sorghum usually tillers

to offset low plant populations. Panicle seed number ulations and later maturing cultivars, which increased
freeze injury and depressed grain yield. That is, 32% ofdecreased dramatically from an average of 3670 at the

low populations to averages of 2415 at medium popula- crop simulations for late maturing varieties failed to
reach physiological maturity compared with 16 and 5%tions and 1580 at the high populations [LSD(0.05) �

72.5]. This is attributed to greater competition for water for medium and early maturing varieties. Alternatively,
post anthesis water deficit stress decreased seed massamong plants that apparently depressed seed formation
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Table 5. Simulated seed mass, mg, � the standard error listed by planting date (D), population (P), and row width (RW) main treatment
effects within cultivar maturity class (C). The corresponding ANOVA results are reported by cultivar maturity and designate significance
level (P � F ) of treatment effects.

Early maturity Medium maturity Late maturity

Planting date Row width, cm 38 76 38 76 38 76

population, plants m�2 seed mass, mg
15 May 3 22.8 � 0.9 24.2 � 0.9 19.6 � 1.0 20.8 � 1.1 18.9 � 1.0 20.1 � 1.1

6 20.1 � 1.0 21.5 � 1.1 17.5 � 0.9 18.8 � 1.0 16.4 � 1.2 16.9 � 1.2
12 17.9 � 0.9 19.0 � 1.0 16.9 � 1.1 17.4 � 1.2 15.9 � 1.2 16.0 � 1.3

5 June 3 23.4 � 0.7 24.7 � 0.8 20.7 � 0.9 22.0 � 0.9 19.3 � 1.0 20.6 � 1.0
6 21.0 � 0.9 22.3 � 1.0 18.9 � 0.8 19.8 � 0.9 18.2 � 1.1 18.5 � 1.2

12 19.2 � 0.9 20.2 � 1.0 17.5 � 1.0 17.7 � 1.0 16.6 � 1.2 16.9 � 1.2
25 June 3 23.5 � 0.7 24.7 � 0.7 20.7 � 0.9 21.7 � 0.9 19.4 � 0.8 20.2 � 0.8

6 21.3 � 0.9 22.4 � 0.9 19.6 � 0.8 20.0 � 0.9 17.8 � 1.2 18.1 � 1.2
12 19.6 � 0.9 20.5 � 1.0 19.0 � 0.9 19.3 � 1.0 15.9 � 1.3 16.1 � 1.4

Effect df P � F

Cultivar (C) 2 �0.001
Row width (RW) 1 0.002
Population (P) 2 �0.001
Planting date (D) 2 0.003
C � RW 2 0.621
C � P 4 0.463
C � D 4 0.718
RW � P 2 0.612
RW � D 2 0.933
P � D 4 0.891
C � RW � P 4 0.996
C � RW � D 4 �0.999
C � P � D 8 0.978
RW � P � D 4 �0.999
C � RW � P � D 8 �0.999

where physiological maturity was achieved. The simu- 0.76-m row spacing, narrow rows (0.38 m) increased till-
lated seed mass for the 15 May planting date averaged ering, seed mass, and grain yield by expanding the spa-
18.9 mg and was significantly lower than the mean seed tial plant distribution and decreasing competition for
mass of 19.9 and 20.0 mg simulated for the 5 June and water, nutrients, and light. Higher plant populations de-
25 June planting dates, respectively. In this case, the creased simulated panicle seed number, seed mass, and
earlier planted sorghum generally reached post-anthesis tiller number, which was similar to field tests by Stag-
growing stages during the hottest summer months and genborg et al. (1999) and Jones and Johnson (1991).
likely suffered from greater water deficit stress com- The increased seed number and mass with decreasing
pared with later planted sorghum. Seed mass depends plant population was offset, however, by the panicle
on many interacting factors that affect grain fill includ- number (population � tiller) that varied inversely with
ing, for example, the seed number (r � 0.49, P � 0.001) population and neutralized any grain yield benefit. Opti-
established during the early preanthesis growing season mum simulated grain yield was obtained for a 5 June
and also plant dry matter accumulation (r � 0.64, P � planting date compared with the early 15 May or late
0.001) that was often limited by late summer water defi- 25 June dates. Early planted sorghum developed more
cit stress. seed per panicle and fewer panicles per plant, but seed

Relying on seed number and mass to identify manage- mass was significantly smaller, probably because of greater
ment practices that limited the simulated crop growth late summer post-anthesis water deficit stress. Except
and grain yield, we determined that high planting popu- for early maturing cultivars, late planted sorghum fre-
lations and late maturing cultivars should be avoided. quently failed to reach physiological maturity.Under dryland conditions, the lower plant populations From this study we conclude that narrow row spacingand earlier maturing cultivars produced more seed pani-

increases dryland grain sorghum yield. We identified cul-cle�1, were exposed to less post-anthesis water deficit
tural practices that increased sorghum grain yield andstress, and achieved greater grain yield potential.
minimized dryland risk, such as decreasing water deficit
stress duration by using early maturing cultivars planted

SUMMARY AND CONCLUSIONS at low or medium populations. Early planting dates did
not extend or beneficially shift the growing season to im-For known cultural practices and recorded seasonal
prove use of precipitation or increase grain yield. How-growing conditions we used the SORKAM crop growth
ever, late planting dates increased the risk that sorghummodel to simulate grain sorghum yields, which were
would not reach physiological maturity and reducedvalidated against measured grain yield. In our validation
grain yield. We conclude that early or medium maturityrow width, population and cultivar maturity were varied.
cultivars, planted 5 June, in 0.38 m row widths, using 3Using long-term weather records and the SORKAM
or 6 plants m�2 populations, have the largest yield po-model, we then simulated dryland sorghum growth and

grain yield for various cultural practices. Compared with tential for the southern High Plains on a clay loam soil.
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